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Oil palm leaf-derived hierarchical porous carbon
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This study investigates the use of a hierarchical porous carbon electrode derived from oil palm leaves in
a "water-in-salt” supercapacitor. The impact of anion identity on the electrical performance of the
carbon electrode was also explored. The results show that the prepared carbon had a hierarchical
porous structure with a high surface area of up to 1840 m? g~X. When a 20 m LiTFSI electrolyte was
used, the carbon electrode had a specific capacitance of 176 F g~ with a wider potential window of
about 2.6 V, whereas the use of a cheaper 20 m LiCl electrolyte showed a higher specific capacitance of

331 F g~ due to the smaller size of the Cl™ anion, which enabled inner capacitance. Therefore, the anion
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contributes to the understanding of using “water-in-salt” electrolytes in carbon-based supercapacitors.

DOI-10.1039/d3ra031529 The study's findings provide insights into developing low-cost, high-performance supercapacitors that
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1. Introduction

Supercapacitors, a class of electrochemical energy storage
devices, have attracted tremendous interest due to their high-
power density (4000-10000 W kg™ '), excellent cycle stability
(50000-100 000 cycles), good reversibility and low
maintenance.”™ They have great potential for use in a wide
range of applications such as electric vehicles, portable elec-
tronics and high-power tools.>*® However, the poor energy
density (1-10 W h kg™") of supercapacitors hinders their prac-
tical applications.>*” Therefore, increasing the energy density of
supercapacitors is a key challenge. Principally, the super-
capacitor is categorised into double-layer capacitors (EDLCs)
and pseudocapacitors. EDLC materials generally store energy
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can operate in a wider voltage range.

electrostatically by the adsorption of the ions at the electrode/
electrolyte interface, while electrical energy is stored in pseu-
docapacitor materials through a faradaic reaction at the surface
(also refer to the ions intercalation®). Although the EDLC
possess a low energy density compared to the pseudocapacitor,
it exhibits superior rate capability and cycling stability.”*° Still,
the performance of the supercapacitor in both categories
mainly depends on electrode materials and the type of
electrolytes.”"

Carbon-based materials have been promising materials for
EDLC owing to their large surface area (1000-3500 m?> g~ '),**2
good electrical conductivity (up to 10° S m~" depending on the
carbon structures),””** and excellent chemical stability.'**®
Various carbonaceous materials such as carbon nanotubes,*¢*8
porous carbon,"?° and graphene*** have been intensively
developed in the past few years. Among these, porous carbon
shows exceptional characteristics such as high accessible
surface area and short diffusion pathways, which could be
advantageous for improving the capacitance and rate capability
of supercapacitors.”>* In general, hierarchical porous carbon
usually contains at least two kinds of pores; that is mostly
micropores (<2 nm) and mesopores (2-50 nm).>* Micropores
provide the interface for charge accumulation, while mesopores
facilitate ion and electrolyte diffusion.”** Additionally, the
porous carbon can be prepared from biomass materials which
are renewable and low-cost. Numerous types of biomass such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peanut bran,* corncob,*® lotus seedpods,* pea skin,”® Hout-
tuynia,” bamboo,** water hyacinth leaves,” walnut shell,*
orange peels,* etc. are used as carbon precursors for producing
porous carbon. The specific area of the carbon prepared from
these biomass materials is ca. 700-1650 m* g~ ".2>%*-32 However,
these biomass materials are not vastly available in Southeast
Asia and do not potentially create an economic valorisation.
Also, the carbon synthesis is performed at high temperatures
(700-1000 °C). Thus, searching for feasible biomass which is
cheap, easily accessible and obtained from economic plants is
necessary.

Oil palm is one of the economic plants in Southeast Asia. The
oil palm plantation generates great quantities of waste, espe-
cially oil palm leaves; they are discarded on the land and
sometimes burned in the agricultural area. In Thailand, more
than 10 million tons of oil palm leaves per year have not been
utilised.®® The oil palm leaves are rich in lignocellulose and can
be used as a carbon source for the synthesis of porous
carbons.** Hence, it has a great potential to increase the value of
the oil palm leaves by using them as carbon precursors in this
work. Also, in previous studies, the carbon materials were
mostly prepared via a step of high-temperature carbonisation
(1000-1400 °C). This method is a high energy-consuming and
cost-ineffective. An alternative approach such as hydrothermal
carbonisation (HTC) has been employed in this work to syn-
thesise the carbon since HTC is facile and has low energy
consumption; it operates at medium temperature (160-250 °C)
and uses water as a reaction medium.**?¢

Yet, another simple approach to improving the energy
density of supercapacitors is the use of appropriate electrolytes.
High-voltage organic electrolytes are widely used for increasing
energy density.””** However, they are toxic, highly flammable
and volatile.” These problems can be addressed by employing
an aqueous electrolyte. Although aqueous electrolyte is non-
flammable and environmentally feasible,” the working
voltage is limited by the water splitting reaction at around
1.23 V.** The trendy superconcentrated electrolytes, so-called
“water-in-salt” (WIS) electrolytes, have been studied to tackle
the limited voltage of aqueous electrolytes. The WIS electrolyte
was first introduced by Suo et al.** Superconcentrated lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) was used as an
electrolyte for lithium-ion batteries, thereby the stability voltage
window can be expanded to 3.0 V. In such a high concentration
condition, the hydrogen and oxygen evolution reactions are
suppressed due to small numbers of free water molecules.***
Moreover, the reduction of the H,O/Li" molar ratio strongly
affects the solvation structure of the electrolyte.** The concept of
the WIS electrolyte was also applied to supercapacitors by
Bélanger's and many research groups to enhance energy
density.**** For instance, Hasegawa et al. prepared carbon
monolith-based supercapacitors with 5 M LiTFSI. The
symmetric supercapacitor can operate at 2.4 V and deliver an
energy density of 24 W h kg~".#” Other high solubility salts such
as sodium perchlorate (NaClO,),* potassium fluoride (KF),*
sodium nitrate (NaNO;)** and lithium chloride (LiCl)** could
also act as WIS electrolytes. The use of superconcentrated
NaClO, in supercapacitors, for example, could expand the
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voltage window up to 2.30 V.* Therefore, WIS electrolytes have
been an interesting electrolyte choice for employing in porous
carbon-based aqueous supercapacitors. To our best knowledge,
hierarchical porous carbon prepared from oil palm leaves and
applied as an electrode in WIS based supercapacitor have not
been reported before. The effect of porous carbon properties
and the types of salt on the performance of the aqueous
supercapacitors is rarely discussed.

In this work, oil palm leaf-derived hierarchical porous
carbon was prepared using hydrothermal carbonisation
coupled with KOH activation (Fig. 1). The weight ratio of KOH/
carbon was varied in order to modify the porosity of the
carbons. The obtained carbon successfully possessed a devel-
oped structure with ultrahigh porosity containing numerous
micropores and mesopores. The oil palm leaf-derived hierar-
chical porous carbon demonstrated an extremely high specific
surface area of up to 1928.85 m® g '. The electrochemical
performance of the porous carbon-based supercapacitors was
studied in two different types (anions) of water-in-salt electro-
lytes (LiTFSI and LiCl). With the use of the appropriated WIS
electrolyte, the potential window of the supercapacitors was
expanded to 2.6 V (20 m LiTFSI). However, the oil palm leaf-
derived hierarchical porous carbon showed the highest
specific capacitance of 331.40 F g~ with the window voltage of
1.9 V when using 20 m LiCl as the electrolyte. These results
demonstrated the influence of the concentrated anions on the
electrochemical performance of the porous carbon electrode.
Hence, such excellent capacitive performance confirms the
potential to use oil palm-derived porous carbon as an effective
electrode in high-voltage aqueous supercapacitors.

2. Experimental section

2.1. Materials and chemicals

Oil palm leaves (containing 7% of ashes which are 5.91% of Si,
0.45% of Ca, and 0.36% of Mg, Fig. S1t) were collected from
a local plantation in Nakhon Ratchasima, Thailand. All the
chemicals were analytical grade and used without further
purification. Potassium hydroxide (KOH, 85%) was purchased
from LobaChemie. Nitric acid (HNO;, 69.0%), ethyl alcohol
(C,H50H, 99.9%) and hydrochloric acid (HCl, 37%) were
purchased from J.T.Baker, Reagents Duksan and Merck,
respectively. Carbon black Super P (99.9%), polyvinylidene
fluoride (PVDF) and 1-methyl-2-pyrrolidone (CsHoNO or NMP,
99.5%) applied for electrode preparation were purchased from
Alfar Aesar, Sigma Aldrich and QReC, respectively. Lithium
trifluoromethanesulfonyl (LiTFSI, =99.0%) and lithium chlo-
ride (LiCl, 99.99%) from KEMAUS were used as electrolytes for
the electrochemical supercapacitor study.

2.2. Synthesis of carbon materials

2.2.1. Pre-treatment of oil palm leaves. In order to remove
unwanted impurities, oil palm leaves were soaked in 1 M HNO;
for 1 h before being washed with deionized (DI) water until its
pH stables at around 7. The clean oil palm leaves were then
dried in an oven (Memmert, Germany, UN30) at 105 °C for 4 h.
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Fig. 1 Schematic illustration of the synthesis of oil palm leaf-derived hierarchical porous carbon.

Finally, the oil palm leaves were ground into powders using
a ball mill machine (FRITSCH, Planetary Ball Mill) at 350 rpm
for 1 h.

2.2.2. Hydrothermal carbonisation. Firstly, 10 g of oil palm
powder was added to 100 ml of 0.5 M HNOj;. The dispersion was
transferred into a Teflon-lined stainless-steel autoclave. The
autoclave was then placed in an oven at 220 °C for 8 h. After
that, the solid was collected by filtration and washed thoroughly
with DI water and ethanol several times. Eventually, the sample
was dried in an oven at 100 °C for 4 h. The obtained product was
abbreviated to OPL_HTC.

2.2.3. KOH activation. The OPL_HTC was mixed with KOH
in which a weight ratio of the OPL_HTC (g): KOH (g) was 1: 1,
1:2and 1: 3. Subsequently, the mixture of OPL_HTC/KOH was
put in a tubular furnace (Carborite, Stf 16/450) and heated at
800 °C for 1 h. After cooling to room temperature, the sample
was washed with 1 M HCI and DI water until its pH reached
a value of 7. The sample was lastly dried at 100 °C for 4 h. The
final products were denoted as OPL_KOH11, OPL_KOH12 and
OPL_KOH13 based on the ratio of OPL_HTC and KOH.

2.3. Material characterisation

To study the morphology of the sample, a scanning electron
microscope (SEM, JEOL, JSM-7610F Plus) equipped with an
energy-dispersive X-ray spectrometer (EDX, Oxford Instrument)
was conducted. X-ray diffractometer (XRD, Bruker) was per-
formed using Cu K, radiation (A = 1.54056 A) in order to
examine the structure of as-prepared materials. The nitrogen
adsorption-desorption isotherms were acquired at 77 K using

24434 | RSC Adv, 2023,13, 24432-24444

a surface area pore size analyser (Micromeritics, 3Flex). The
specific surface area of the samples was calculated using the
Brunauer-Emmett-Teller (BET) method. The Barrett-Joyner-
Halenda (BJH) pore size distribution was determined from the
nitrogen desorption isotherms of the samples. Raman spectra
were acquired from a dispersive Raman spectrometer (SEN-
TERRA, Bruker) equipped with a 532 nm laser to excite the
sample. The X-ray photoelectron spectroscopy (XPS) measure-
ments were performed at the Synchrotron Light Research
Institute of Thailand (SLRI). The surface chemistry of the
prepared materials was characterized by XPS measurements
with a hemispherical analyzer using photon energies between
40-160 and 240-1040 eV at the BL3.2Ua beamline. The photon
energy exiting was used at 600 eV for this work. The atomic
concentrations were calculated by using RSFs based on Scofield
cross-sections.

2.4. Electrochemical measurements

2.4.1. Electrode preparation. In order to prepare the
working electrode for a three-electrode measurement, the slurry
was prepared by mixing the samples with carbon black and
PVDF with a weight ratio of 8 : 1: 1 in NMP. The slurry was then
sonicated in the ultrasonic bath (GT SONIC, D6, 40 kHz) for
30 min. The droplet of the sonicated slurry was carefully drop-
ped on the centre of the glassy carbon electrode (GCE, 2 mm of
diameter) surface before being dried in an oven for 1 h. The
areal mass loading of active electrode material was ~1.3-0.5 mg
cm 2. Note that, the GCE was previously scrubbed on a cloth
with alumina powder (0.3 microns) for 5 min. The electrode

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used for full cell testing was fabricated by casting the slurry onto
a commercially available aluminium current collector. Two
carbon electrodes, prepared similarly with a diameter of 10 mm
and approximately equal mass loading (~2 mg cm™2), were used
as the working and counter electrodes in the assembled coin

fopL KoH11

, ‘A'"/A\ -
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7 'v.
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cell (CR 2016). The cell also included a hydrolysed polyethylene
(HyPE) separator (thickness of 25 pm, purchased from GELON
LIB Group, China) and a WIS electrolyte containing LiCl and
LiTFSI.

Fig. 2 SEM images of (A and B) OPL_HTC, (C and D) OPL_KOH11, (E and F) OPL_KOH12, (G and H) OPL_KOH13.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4.2. Electrochemical evaluation. All the electrochemical
tests in the three-electrode configuration were carried out at
controlled room temperature (25 °C) using Metrohm Autolab
(PGSTAT302N), running NOVA software 2.1. GCE coated with
the samples was used as the working electrode, while poly-
crystalline platinum wire and Ag/AgCl electrode (with double
junction) worked as a counter electrode and a reference elec-
trode, respectively. The electrochemical measurements were
performed in LiTFSI and LiCl electrolytes (water as a solvent)
and two different concentrations of the electrolyte (1 m and 20
m) were applied. The electrochemical performance of the
samples was examined using cyclic voltammetry (CV) and
impedance spectroscopy (EIS). The scan rate of the CV
measurement varied from 5 to 100 mV s~ . The specific capac-
itance (Cs, F g ') was calculated from the cyclic voltammetry
measurement using the following equation:

c = ([1dv) ()

(vm AV)

where C; is the specific capacitance, [ I dv is the half area of the
corresponding CV curve, v is the scan rate (mV s~ '), m is the
mass of active material (g) and AV is the voltage window (V). The
EIS test was evaluated at an applied voltage of 0-1.2 V with an
amplitude of 10 mV over the frequency range from 100 kHz to
0.01 Hz. For the two-electrode measurement, the galvanostatic
charge discharge (GCD) technique (BTS4000) was performed to
evaluate the cell performance. The specific capacitance in often
calculated from a galvanostatic charge discharge curve by using
equation:

4IAt
mAV

where, I is the applied current (A), A¢ is discharge time (s), m is
the total mass of active material in both carbon electrodes (g),
and AV is the potential window of the discharging process (V).

3. Results and discussion

3.1. Morphology of oil palm leaves-derived carbon

The morphology of the samples was investigated by scanning
electron microscope (SEM). The oil palm leaves without car-
bonisation shows a smooth surface composed of cellulose
(Fig. S21t). After the hydrothermal carbonisation, the OPL_HTC
presents coalesced structure (Fig. 2A and B). The irregular shape
of the OPL_HTC indicates the distorted cellulose structure of
the oil palm leaves which convert to carbon in the hydrothermal
reaction. All samples after the KOH activation confirms the
critical role of KOH in creating a porous structure as shown in
Fig. 2B-H. The OPL_KOH11 exhibits the network structure with
pores (Fig. 2C and D). When increasing the ratio of KOH, a flaky
structure is formed. The interconnected sheet-like structure can
be clearly observed in OPL_KOH12 (Fig. 2E and F). However, the
OPL_KOH13 exhibited a smaller size of the flakes compared to
OPL_KOH12 (Fig. 2G and H). The breakage of the large sheet
into small pieces is related to the continuous reaction between
carbon atoms and KOH.**** These interconnected forms of the
samples possess open pores for rapid ion diffusion and reduce

24436 | RSC Adv, 2023, 13, 24432-24444
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the resistance of ion transport leading to the high electro-
chemical performance.””*®* The SEM-EDX mapping and the
elemental composition of all samples also illustrates the lowest
amount of oxygen content in OPL_KOH12 compared to other as-
prepared carbon materials indicating less oxygen functional
groups on the material (Fig. S37).

3.2. Structure of the as-synthesised porous carbon

The nitrogen adsorption and desorption measurements were
employed to study the porosity of the as-prepared carbon. As
shown in Fig. 3A, OPL_HTC shows type III adsorption-desorp-
tion isotherm attributing to the physisorption on macroporous
materials. However, all OPL_KOH samples exhibit mixed type I
and IV isotherms confirming the development of other pore
types after the KOH activation. The combination of type I/IV
adsorption-desorption isotherms indicates the coexistence of
micropores and mesopores in the material structure.*® This
result differentiates from most activated porous carbon which
typically has a microporous structure with a typical type 1.>* All
OPL_KOH materials also possess an obvious type-H4 hysteresis
loop which suggests the slit-shaped pore.** The pore size
distributions of the as-prepared carbon are shown in Fig. 3B.
The OPL_KOH materials consist of a large number of micro-
pores, mesopores and a few amounts of macropores, while only
mesopores and macropores are found in OPL_HTC. The
calculated BET surface area, average pore diameter and pore
volume are presented in Table 1. The OPL_KOH13 exhibits the
highest BET surface area of 1928.85 m> g ' compared to
OPL_KOH12 (1840.51 m> g~ ') and other oil palm-derived
carbons from the previous works (685-1685 m”> g~').**°2 The
BJH average pore diameter of OPL_KOH samples is in the range
of 4.42-2.74 nm due to the pore formation after KOH activation.
Interestingly, the OPL_KOH12 exhibits the largest pore volume
of 1.16 cm® g~' in agreement with the highest absorbed
amounts of gases (as seen in the isotherm, Fig. 3A); this could
be due to the large amounts of mesopores presented in the
OPL_KOH12. In contrast, the micropores mainly contribute
58.18% of the total volume in OPL_KOH13, and only 14.91%
and 24.39% of the total volumes ascribed to micropores in
OPL_KOH12 and OPL_KOH11, respectively.

The structure of the as-prepared materials is further inves-
tigated by X-ray diffraction. All samples present two broad
diffraction peaks at around 24° and 43°, corresponding to the
(002) and (100) planes of graphite, respectively (Fig. 3C).>*75563
It is clear that the peaks become weaker and almost faded when
the amount of KOH is higher. The XRD patterns of the carbon
materials are similar to that of the commercial activated carbon
(Fig. S4t). Therefore, these results confirm the less ordered
graphitic structure of the as-synthesised carbons.*** Addition-
ally, the high intensity of the small angle diffraction peaks
demonstrates the microporous structure of the materials.* The
calculated interlayer distance of graphitic layers (doo,), the
thickness of the graphitic domains (L.) and lateral size of
graphitic domains (L,) are shown in Table 2. The dy,, interlayer
distance of the samples is much higher than that of graphite
(0.335 nm)** which is expected to be spaces for charge and ion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The structure of the as-prepared samples (A) N, adsorption/de
Raman spectra.

adsorption leading to high electrochemical performance. The
large lateral size is also beneficial to charge storage. Also, the
calculated dy, and L. of the OPL_KOH decrease gradually after
the activation. The result, therefore, indicates the carbon
structure change from short-range ordering to disordering.®*°°

The degree of graphitisation of the carbon materials was
studied by Raman spectroscopy (Fig. 3D). The Raman spectra of
all materials possess two broad peaks at around 1346 and
1586 cm ™', which are assigned to the D band (disordered
carbon, sp® hybridisation) and G band (graphitic carbon, sp®
hybridisation) respectively.®” The intensity ratios of the D band
and G band are usually used to evaluate the graphitic structure

Table 1 The pore structure of the as-synthesised carbon

Raman shift (cm™)

sorption isotherms, (B) pore size distribution, (C) XRD patterns and (D)

in carbon materials.?>” The I/I; ratio is 0.75, 0.89, 0.84 and 0.91
for OPL_HTC, OPL_KOH11, OPL_KOH12, and OPL_KOH13,
respectively and the lateral size of the graphitic domains (L,)
(Table 2). The result confirms that OPL_KOH12 have the high
degree of graphitisation with fewer defects when compared to
previous studies.*»**** This result agrees with low oxygen
contents in the OPL_KOH12 material as discussed earlier.
Moreover, the Ip/I; ratio of the OPL_KOH is higher with the
increase in the KOH ratio. This indicates that the higher
amounts of KOH cause intrinsic defects and deterioration of the
graphitised structure in the carbon materials.®® Additionally,
the elemental composition of OPL_KOH materials was

SSA® (m* g ™)

BJH average pore

Pore volume

Micropore volume

Samples SBETb Smicroc Smeso diameter (nm) (Vtotaly Cm3 gil) (Vmicroa Cm3 gil) Vmicro/Vtotal (%7)
OPL_HTC 22.33 — — 25 0.11 — —
OPL_KOH11 877.63 334.70 542.93 4.42 0.56 0.14 24.39
OPL_KOH12 1840.51 408.23 1432.28 3.22 1.16 0.17 14.91
OPL_KOH13 1928.85 1289.46 639.39 2.74 0.92 0.53 58.18

“ SSA: specific surface area. b Sper: SSA calculated by using the BET model. ¢ Sp,icro: microspore SSA based on the #plot method. 4 S hesot SpET —

S micro-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physical parameters of the as-synthesised carbon

Samples doox (&)  LS(nm) LS (nm) I/l LS (nm)
OPL_HTC 3.93 0.29 — 0.75 0.17
OPL_KOH11 3.81 0.30 0.11 0.89 0.20
OPL_KOH12 3.74 0.09 0.19 0.84 0.19
OPL_KOH13 — — 0.12 0.91 0.21

% L. stacking height of the crystallite, calculated by the equation:
(K = 0.89, § is half width of (002) diffraction peak, A =

©~ Bcosd
0.154056 nm). ° L,: the lateral size of the crystallite calculated by the
K2
equation: L, = sind (K = 0.89, g is half width of (100) diffraction

peak, A = 0.154056 nm). “ L,: lateral size of the crystallite calculated

by th tion: Ly = ——.
y the equation: L, o/l

examined using XPS technique (Fig. S15 and Table S17). The
results confirm the lowest presence of oxygen functional groups
on OPL_KOH12 material compared to others which could have
a beneficial effect on its electrochemical performance in the
water-in-salt electrolyte. These characterization results there-
fore confirmed the effective HTC method coupled with KOH
activation for preparing the excellent quality of hierarchical
porous carbon materials from oil palm leaves.

3.3. Electrochemical performance of the samples

In order to examine the electrochemical performance of as-
prepared carbons, all samples were first carried out using
a three-electrode configuration at room temperature in 1 m
LiTFSI electrolyte, also referring to traditional “salts-in-water”
(Fig. S5t). Obviously, the electrochemical performance of these
carbon electrodes significantly varies, which is mainly attrib-
uted to the different pore properties of the materials. The CV
curves of OPL_KOH electrodes exhibit a quasi-rectangular
shape without any peaks indicating the ideal capacitive behav-
iour.®® It is noted that the peak of the oxygen reduction reac-
tion®*”® could be seen in the OPL_HTC electrode (Fig. S5AY)
since it possesses the highest amount of oxygen contents
compared to other OPL_KOH electrodes (Fig. S37); thus, the
working potential of the OPL_HTC electrode is relatively
narrow. The OPL_KOH12 shows excellent capacitive perfor-
mance with the highest capacitance of 119 F g~ compared to
other carbon materials (Fig. S61). Interestingly, the potential
window of OPL_KOH12 electrodes in 1 m LiTFSI appear to be
around 2 V which is higher than the electrochemical stability of
water (1.23 V). The widen operating potential accounts for less
defects and oxygen-containing functional groups in the OPL_-
KOH12 which lead to the suppression of water-splitting
activity.*® A pH locally also increases due to the chemisorption
of hydrogen/hydroxyls anions in the micropores causing the
shift of the hydrogen evolution potential.**”* In addition, the
EIS results demonstrate the fast ion diffusion and the excellent
rate capability of the OPL_KOH12 as seen in the Nyquist plot
and the calculated relaxation time (Fig. S77). Therefore, the
superior capacitive performance for OPL_KOH12 can be
attributed to the interconnected hierarchical porous structure
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and a high fraction of mesopores which facilitate the adsorp-
tion and diffusion of electrolyte ions. The OPL_KOH12 also
shows the lowest charge transfer resistance confirming the
good electrolyte transport of the OPL_KOH12. The as-
synthesised carbons were subsequently tested in 20 m LiTFSI
to study their electrochemical performance in the “water-in-
salt” electrolyte (Fig. S81). With the use of highly concentrated
electrolytes, the operating potential range of the material was
also broadened to 2.6 V. The expanded operating potential is
corresponded to the restriction of the water splitting reaction
due to the scarcity of free water molecules in the 20 m LITFSI
electrolyte; almost all water molecules involve the solvation of Li
ions. Also, the reduction of the TFSI anions leads to the upshift
of the oxygen evolution potential.*®* Similar to the salt-in-water
system, the OPL_KOH12 illustrates the best capacitive perfor-
mance with a capacitance of 176 F g~ " in 20 m LiTFSI (Fig. S97).
Similarly, an increase in the specific capacity of the mesoporous
hollow carbon nanoplates when using the WIS electrolyte was
reported by Quan et al.”> The enhancement of the electro-
chemical performance is ascribed to the formation of SEI layers.
The scarcity of free water molecules followed by the high
concentration of TFSI™ causes the reduction of TFSI™ at the
electrode interface.”

To study the effect of anions identities on the electrochem-
istry of the hierarchical porous carbon electrode, the OPL_-
KOH12 was then tested for its electrochemical properties in LiCl
electrolytes. The concentration of the electrolyte is modified
from 1 m to 20 m (Fig. S10%). In the same way as the LiTFSI
electrolyte, the expanded voltage window is observed when the
LiCl electrolyte is highly concentrated (Fig. 4A). However, the
operating potential of 20 m LiCl is 1.9 V which is lower than that
of 20 m LiTFSI (2.6 V). The result confirms the effect of anion
identities in the prepared superconcentrated electrolyte.
According to the Hofmeister series, Cl™ anion is stronger in
kosmotropes than TFSI™ anion. As the kosmotropes usually
compete with water to incorporate into the cation solvation
shell, the free water cluster is found and then involved in the
water electrolysis of the WIS electrolyte.””* Consequently, the
water splitting causes a narrower voltage window of the LiCl
electrolyte compared to LiTFSI. Because of the narrow voltage
window, the specific capacitance of the electrode in LiCl is
higher than in LiTFSI electrolyte (Fig. 4B). The calculated
specific capacitance of the OPL_KOH12 is 198 and 331 Fg 'in 1
and 20 m LiCl, respectively. In addition, the supplement of
cycling properties of OPL_KOH12 in 1 and 20 m LiCl and LiTFSI
electrolytes was shown in Fig. S11.F

Furthermore, Trasatti's method was employed to analyse the
capacitance in the different electrolytes which was obtained
from both the outer surface (easily accessible surface to the
electrolyte) and inner surface (pores and grain boundaries)’”®
(Fig. S117). It is known that the matching carbon pore size leads
to an increase in the specific capacitance. Considering the ion
size of hydrated Li* (0.38 nm),** CI~ (0.32 nm)* and TFSI~ (0.79
nm),” pores larger than these ion values are accessible to the
ions. The total capacitance of OPL_KOH12 in both 1 m LiCl (250
F g ') and 20 m LiCl (435 F g ') electrolyte is greater than 20 m
LiTFSI (217 F g~ ') (Fig. 4C). Since the hydrated Cl~ anion is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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scan rates from 10 to 100 mV s™*. (C) The specific capacitance of the OPL_KOH12 electrode presenting the total capacitance acquired at a very
low scan rate and the outer capacitance acquired at a very high scan rate. The inner capacitance was calculated from the difference between C+
and Couter (Ct = Couter + Cinner). based on the Trasatti method.”® (D) Nyquist plots of the OPL_KOH12 in LiTFSI and LiCl electrolytes (1 and 20 m).

smaller than TFSI™ and has high ionic conductivity, the CI”™ ion
thereby easily accesses the micropores of OPL_KOH12 leading
to the relatively high specific capacitance."»”® The total capaci-
tance in 20 m LiCl accounts for 56.61% of inner capacitance,
confirming the easy accessibility of both cation and anion in the
porous structure of the OPL_KOH12. Also, the inner capaci-
tance is independent of the concentration of LiCl electrolyte
since the percentage of Ciyner in 1 m LiCl (52.34%) is not
considerably different from that in 20 m LiCl. Thus, the change
in the size and solvation sheath of ions in the LiCl~ WIS elec-
trolyte does not extremely influence the ability of ions to diffuse
into the pores. The CI™ anions in both diluted and WIS elec-
trolyte is fairly tidy for penetrating the structure of hierarchical
porous carbon. In contrast, the inner capacitance is 48.66% and
60.38% in 20 m and 1 m LiTFSI electrolytes, respectively. This
may be due to the Li" is not desolvated due to its low H,O/Li"
molar ratio and high solvation energy in the WIS electrolyte.
Also, two TFSI anions could be found in each Li" solvation
sheath in highly concentrated LiTFSI electrolyte.*” The ions are
then bulky and hardly penetrate the porosity of OPL_KOH12. At
high frequencies (Fig. 4d), the equivalent series resistance is
related to the sum of the electrolyte resistance outside the
pores, the electrode resistance and the contact resistance

© 2023 The Author(s). Published by the Royal Society of Chemistry

between the electrode and the current collector.”*® The high
ESR of the electrode is correlated to the utilisation of poor
conductively glassy carbon as a support and the inferior contact
between the material and the glassy carbon surface. The initial
resistances of OPL_KOH12 are 6.20 Q cm” and 3.41 Q cm? for 20
m LiTFSI and 20 m LiCl electrolytes, respectively. Since the
electrode and the contact resistances same in all systems, the
ESR of the electrode in LiTFSI affirms the low ionic conductivity
of TFSI™ anion.” The viscosity of the LiCl WIS electrolyte is also
remarkably less than that of the LiTFSI indicating the lower
ionic transporting of Li ions.** However, the electrolyte resis-
tance in 20 m LiTFSI is higher than that in 1 m LiTFSI (5.22 Q
cm?). This is due to the poor wettability (hydrophobic)* and
high viscosity of the WIS electrolyte.*”»** The nearly vertical line
at low frequencies which defined as the Warburg diffusion
region also confirmed the fast ion diffusion of the LiCl elec-
trolyte within the carbon porosity. The ESR and Warburg
resistances from the fitting equivalent circuits are shown in
Table S2.f In addition, the capacitive performance of the
OPL_KOH12 in the WIS electrolyte is approximately equal to or
even superior to that of other biomass carbons in aqueous
electrolytes, as demonstrated in Table 3.

RSC Adv, 2023, 13, 24432-24444 | 24439
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Table 3 Comparison of the specific capacitance of the as-prepared carbon materials with previously reported biomass-derived carbon material

Raw material Electrolyte Potential range (V) Sger (M* g™ 1) Specific capacitance (F g~ ) Reference
Oil palm 1 M H,SO, 0to 0.5 639.84 52 62
Peanut bran 3 M KOH 0 to 0.9 2565 188 25
Corncob 6 M KOH —1to0 2998 258 87
Bean dregs 6 M KOH —1to0 2313.3 321.3 88
Rubberwood-sawdust 1 M LiTFSI 1.8 1932 100 71
Pea skin 1 M LiTFSI 0to2 1828.6 141.1 28
Waste palm PVA/LiCl —0.4t0 0.4 1573 226 89
Wheat-straw PVA/LICI —0.4t0 0.4 1905 268.5 90
OPL_KOH12 20 m LiTFSI -1.3to 1.3 1840.5 176.36 This work
OPL_KOH12 20 m LiCl —1t0 0.9 1840.5 331.40 This work

As seen in Fig. 5A, the phase angles of the OPL_KOH12
electrode are 65.14° and 76.41° in 20 m LiTFSI and LiCl elec-
trolytes, respectively. The lower phase angle of the electrode in
the LiTFSI electrolyte is referred to as the higher resistive
properties in the LiTFSI water-in-salt electrolyte.” Besides, the
characteristic frequency at 45° is known as the knee frequency
(fo) and the relaxation time (7, = 1/f;) is the minimum time
needed to discharge stored energy.*>* The lower relaxation time
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Fig. 5

of OPL_KOH12 in 20 m LiCl electrolyte (12.89 seconds)
compared to 20 m LiTFSI electrolyte (21.29 seconds) suggests
the superior rate capability of the electrode in the LiCl electro-
Iyte. The frequency of the transition region from the resistor to
the capacitor of OPL_KOH12 in LiCl electrolytes is higher than
that in LiTFSI electrolytes, also confirming the faster Li* and C1~
ion diffusion into the pores of carbon material (Fig. 5B).5**®
Noticeably, the transition frequency is slightly increased when
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(A) Bode plots of OPL_KOH12 (all results are tested in 1 m, 20 m LiTFSI and 1 m, 20 m LiCl), (B) real and (C) imaginary parts of the

normalized capacitances as a function of frequencies (all above results were tested in different electrolytes), (D) the capacitance of OPL_KOH12
vs. applied voltage in different electrolytes (the capacitance of the electrode was calculated from the EIS measurement using eqn (S3)7).
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the LiCl electrolyte becomes highly concentrated (20 m). This
could be explained by the similar ionic conductivity between 1
m and 20 m LiCl electrolyte. Recently, Bunpheng et al. reported
that the ionic conductivity of 20 m LiCl was somewhat higher
than that of 1 m LiCL.* In addition, the change in size and the
solvation sheath are not significant due to the small Cl anion
compared to the large TFSI anion. Thus, the ions of the LiCl
electrolyte could easily access the small channel of the carbon
electrode. The relaxation time can also be obtained from the
maximum C” at a certain frequency (fp) (Fig. 5C).2#* The lowest
7o can be found for the OPL_KOH12 sample with 37.28 and
19.31 seconds in 20 m LiTFSI and LiCl respectively. Hence, the
electrode shows more capacitive behaviour with rapid ion
diffusion into the porous carbon of the LiCl WIS electrolyte
when compared to the LiTFSI WIS electrolyte.

With varying the applied potential in 1 m LiTFSI, the
capacitance of the electrode under a positive polarisation (11
mF at 0.6 V) is somewhat lower than that under a negative
polarization 20 mF at —0.6 V) (Fig. 5D); this is because TFSI™
anions are bulkier than Li cations (size of hydrated Li" is 0.38
nm)" which thereby they are inaccessible into the small pores
of the positively polarised materials. Noted that, the Li" elec-
trosorption occurs on the electrode during a negative polariza-
tion whereas the TFSI™ anion is absorbed on the positively
polarised electrode and inside the material porosity.** However,
in a 20 m LiTFSI electrolyte, the capacitance of the positively
polarised electrode (24 mF at 1.2 V) is higher than that of the
negatively polarised electrode (17 mF at 1.2 V). This occurrence
can be explained by the change in the ion features in the WIS
electrolyte. When compared to 1 m LiTSFI, the size of Li cations
in 20 m LiTFSI become larger than the TFSI™ anion size since Li
ions are not desolvated and then hardly infiltrate in the
micropores of the materials.’®*® Also, the capacitance slightly
dropped when the applied potential is —1.2 V. The result indi-
cates the accessible pores were saturated with Li" (negative
polarisation).’® These phenomena can also be found in LiCl
electrolytes. In 1 LiCl electrolyte, the capacitance of the posi-
tively polarised electrode (6 mF at 0.6 V) is remarkably less than
that of the negatively polarised electrode (10 mF at —0.6 V). Still,
due to the change of solvation structure of Li ions in 20 m LiCl
electrolyte, the capacitance of the OPL_KOH12 electrode under
positive polarisation (9.55 mF) is similar to that under a nega-
tive polarization (9.52 mF). Therefore, these findings demon-
strate that type of anions and solvation sheath of ions in WIS
electrolytes notedly influence on the electrochemical perfor-
mance of the hierarchical porous carbon. Finally, the cyclic
stability of the symmetric coin cells fabricated from the OPL_-
KOH12 electrode using 20 m LiCl and LiTFSI as electrolytes are
displayed in Fig. S14.7

4. Conclusions

In summary, the hierarchical porous carbon was successfully
synthesised from oil palm leaves. The hydrothermal coupled
with the KOH activation methods were carried out to develop
the hierarchical porous structure of the materials. The as-
prepared porous carbons were subsequently tested for their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrochemical performance in two different types of water-in-
salt electrolytes (LiTFSI and LiCl). As a result, OPL_KOH12 with
1840 m”> g~ " of the specific surface area shows superior elec-
trochemical performance compared to other as-prepared
carbon materials due to the suitable pore size for ion diffu-
sion and a high fraction of mesopores in its structure. Using
a high-concentrated LiTFSI electrolyte could expand the oper-
ating potential window of the OPL_KOH electrode to 1.9 V (LiCl)
and 2.6 V (LiTFSI). The narrow voltage window in the LiCl
electrolyte is owing to the kosmotropic nature of Cl anion,
causing water clusters and then a water-splitting reaction in the
system. In addition, the specific capacitance of OPL_KOH12 is
176 and 336 F g ' in 20 m LiTFSI and 20 m LiCl, respectively.
With a limited voltage window and smaller anion size of Cl™
than TFSI™, the specific capacitance of the electrode is higher
and mostly attributed to the inner capacitance which refers to
the charge storage in the hierarchical pores of the as-prepared
carbon. This work also reveals the effect of the ion solvation
sheath on the capacitive performance in the water-in-salt elec-
trolyte. Therefore, this finding will be a starting point to further
gain insight into the ion sizes dependence of the performance
of the hierarchical porous carbons in high-voltage aqueous
supercapacitors.
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